ABSTRACT: Practical applications require hydrothermally stable metal−organic frameworks (MOFs). Achieving stable MOFs in the presence of water or humidity is challenging, especially for MOFs with open metals sites (OMSs) due to the high affinity of water molecules toward OMSs. A straightforward solution to tackling this problem is to protect OMSs in the porous structure of MOFs. A facile post-synthetic modification (PSM) method for the synthesis of molecular glycine-doped CuBTC MOF (BTC = benzene-1,3,5-tricarboxylic acid) was developed in this study. Developed materials, i.e., Gly-CuBTC MOFs, were characterized using various characterization techniques and evaluated using single-component gas (CO 2 and N 2 ) adsorption and dynamic water vapor adsorption experiments. The economical dopant of molecular glycine with amine and a carboxyl group was found to be able to saturate OMSs in the parent CuBTC MOF, leading to improved hydrothermal stability and CO 2 :N 2 selectivity. It was also found that the adsorption capacity, CO 2 :N 2 selectivity, and hydrothermal stability of Gly-CuBTC MOFs depend on the percentage of saturation of OMSs in the parent MOF.
■ INTRODUCTION
Metal−organic framework (MOFs), 1 as versatile and promising adsorbents, have attracted much attention for CO 2 capture due to their high adsorption capacity, large specific surface area, and tunable structure. 2, 3 Open metal sites (OMSs) in certain MOFs, e.g., unsaturated copper centers in CuBTC MOF (BTC = benzene-1,3,5-tricarboxylic acid), 4 are believed to be attractive features for attracting small gas molecules, 5−8 especially for polar molecules such as water. Considering the practical application of MOFs with OMSs, the presence of water or humidity is inevitable, such as the post-combustion carbon capture from flue gases, where 5−7 vol % water vapor is present. 9, 10 CuBTC MOF is one of the most well-studied MOFs with OMSs 10−18 since its discovery at the end of the 20th century. 19 CuBTC is very sensitive to moisture, and water−CuBTC interactions have been investigated in simulation 20−22 and experimental studies. 10,23−29 The poor hydrothermal stability of CuBTC MOF has been proven to be linked directly with the vulnerability of OMSs in the framework to water molecules. The strong water affinity for OMSs results in the aggregation of water molecules near OMSs under continuous hydration and can lead to the displacement of BTC ligands from OMSs. 10, 25, 30, 31 Various approaches have been developed to modify CuBTC for selective gas adsorption and catalysis mainly by ligand functionalization. 32−37 For example, Cai et al. 32, 35 demonstrated the possibility of using the alkyl-functionalized BTC to construct CuBTC derivatives. In comparison with the original CuBTC MOF, the alkyl-functionalized CuBTC derivatives showed comparable uptakes of CO 2 and CH 4 at pressures up to 5 bar and significantly lower water adsorption due to the introduction of hydrophobic functional groups. Another effective method of coating MOFs using hydrophobic polydimethysiloxane (PDMS) was also suggested. 38 This approach involved the chemical vapor deposition of a hydrophobic silicon layer over the surface of MOFs (including CuBTC) at 235°C to enhance their moisture resistance. Though these approaches demonstrated the effectiveness toward improving the moisture stability of resulting materials, they either involve tedious synthetic procedures for functionalizing ligands or complex apparatus and harsh conditions for materials modification hindering their practical application.
Post-synthetic modification (PSM) of MOFs, on the other hand, is an attractive approach for facile functionalization of MOFs.
39−42 Luo et al. developed a PSM method to graft OMSs in CuBTC MOF using an amino-functionalized basic ionic liquid (ABIL−OH) for enhancing the selectivity in liquid-phase catalytic Knoevenagel condensation reactions. 39 In order to improve the CO 2 adsorption capacity and selectivity (over nitrogen) of materials, PSM methods were also used to modify relevant MOFs, e.g., functionalization of Cu-BTTri with ethylenediamine 41 and of Mg 2 (dobdc) with tetraethylenepentamine. 42 In this regard, PSM might be an effective method to solve the major drawback of poor hydrothermal stability for MOFs with OMSs. In this contribution, we report a simple PSM method to prepare molecular glycine-grafted CuBTC MOFs aimed at (i) hindering water adsorption on OMSs (to improve hydrothermal stability) and (ii) enhancing the interaction with CO 2 (to increase the selectivity to CO 2 ). Rationales behind the choice of using glycine molecules as the dopant are (i) the dimension of the glycine molecules (i.e., length ≈4.4 Å and width ≈3.2 Å) allowing the diffusion of glycine molecules into pores of CuBTC MOF and (ii) the amine and carboxyl group in glycine allowing the interaction with both OMSs, i.e., unsaturated copper centers) and CO 2 molecules.
, benzene-1,3,5 tricarboxylic acid (BTC, 95%), and amino acetic acid (glycine, ≥ 99%) were purchased from Sigma-Aldrich, and ethanol (absolute) was obtained from Fisher. Materials were used as received without further purification.
Synthesis. CuBTC MOF Synthesis. CuBTC MOF was synthesized using an improved hydrothermal method at 100°C .
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Gly-CuBTC MOF Synthesis. Glycine grafted CuBTC MOFs (denoted as Gly-CuBTC) were prepared using a simple PSM method. Glycine crystals were fully grinded and dissolved in ethanol at 50°C to give molecular glycine in solutions. The amount of glycine molecules was determined by the relevant percentage by weight (wt %, glycine:Cu in CuBTC). CuBTC MOF was then added to the molecular glycine solution in ethanol. The mixture was left to stir for 24 h at 50°C and then washed with 60 mL of ethanol and activated at 120°C under vacuum for 16 h. Three Gly-CuBTC samples were synthesized with 10, 20, and 28 wt % loading of molecular glycine in the parent CuBTC MOF (weight percent of glycine in Gly-CuBTC MOF). It was assumed that one molecule of glycine can occupy one copper atom. OMSs in 28 wt % Gly-CuBTC were believed to be fully saturated by glycine molecules (the theoretical mass fraction of copper in the CuBTC MOF is 31.5% 43 ). Accordingly, Gly-CuBTC MOFs containing 20 and 10 wt % of glycine correspond to materials with 71% and 36% of Cu OMSs covered by glycine molecules. Details of the calculation are available in the Supporting Information.
Characterization. Powder X-ray diffraction (PXRD) was carried out using a Rigaku Miniflex diffractometer (Cu Kα radiation, 30 kV, 15 mA, λ = 1.5406 Å) with a step scan mode (0.03°per step) and a range of 5°< 2θ < 46°. Scanning electron microscopy (SEM) analysis was performed using FEI Quanta 200 ESEM equipment with a high voltage mode of 20 kV. All samples were coated with platinum prior to the SEM imaging in order to create a conductive layer on the surface of materials to inhibit their charging. The platinum coating was performed using the Cressington sputter coater under vacuum conditions of 0.01 mbar(G). The thermogravimetric analysis (TGA) was carried out with a TA Q5000 (V3.15 Build 263) thermogravimetric analyzer. The temperature range was 0−450°C with a heating rate of 5°C min −1 under a nitrogen atmosphere (25 mL/min). FT-IR analysis was carried out using solid FT-IR Avatar 360 ESP spectrometer instrument in the range of 650−4000 cm −1 with ATR accessory that contains a germanium crystal conjointly with Nicolet's OMNIC software. Raman analyses were carried out using JY Horiba LabRam 300 Confocal Raman microscope. A 632.82 nm HeNe laser was used as the excitation source. The acquisition time of 100 s and 3 accumulations were used for each analysis. The collection optics was set at 100× with 1% laser power (full laser power = 10 mW).
Nitrogen adsorption isotherms of materials at −196°C were obtained using the Micrometrics accelerated surface area and porosimetry (ASAP) 2020 analyzer. Prior to the measurement of adsorption isotherms, samples were prepared at 200°C under vacuum for 8 h. Equilibration time of 45 s was specified for each data point of isotherms during the analysis. The Brunauer− Emmett−Teller (BET) method was applied to determine specific surface areas of materials.
Gas Adsorption Measurements. CO 2 and N 2 Adsorption. Single-component CO 2 or N 2 adsorption on materials was carried out the Intelligent gravimetric analyzer (Hiden Analytical, IGA-001). Samples were thermally degassed at 100°C for 3 h and then at 200°C (heating rate = 2°C/min) for 8 h under vacuum. Buoyancy effects were assessed to determine the density of materials with helium adsorption prior to gas adsorption measurements. Single-component adsorption isotherms were collected at 25 and 50°C, respectively. At each pressure point, the system was left to equilibrate for maximum 2 h.
Water Vapor Adsorption. Water vapor adsorption isotherms were measured gravimetrically using a dynamic vapor adsorption analyzer (Surface Measurements Systems, DVS 1). The analyzer was housed inside an environmental chamber at a constant temperature to ensure a stable baseline and the accurate delivery of required values of the relative humidity (RH). A required value of RH was achieved by mixing dry nitrogen and saturated water vapor in appropriate proportions using mass flow controllers. Prior to the sample loading, dry nitrogen at 2 bar(G) pressure was used to purge the head of the balance (Cahn D200) in order to prevent the vapor condensation in the balance's head and ensure an accurate measurement. All samples were dried at 0% relative humidity for 6 h before the measurement of adsorption/ desorption isotherms at various vapor partial pressures. Water vapor adsorption isotherms of materials were measured at temperatures of 25 and 50°C with RH values ranging from 0 to 90%.
■ RESULTS AND DISCUSSION
Characterization of Gly-CuBTC MOF. Gly-CuBTC MOFs were prepared using a simple PSM method developed in this study. The as-made Gly-CuBTC MOF (Figure 1a ) exhibits a sky blue color, while the activated Gly-CuBTC MOF renders a royal blue color differencing them from the corresponding CuBTC samples. 10 By comparing PXRD patterns of Gly-CuBTs with that of CuBTC MOFs (Figure 2 ), characteristic peaks (i.e., at 2θ ≈ 6.5°, 9.5°, 11.5°and 13.4°) of CuBTC MOF 10 were clearly identifiable in the PXRD patterns of Glu-CuBTC MOFs suggesting the preservation of the parent framework structure of CuBTC. Additional diffraction peaks in Gly-CuBTC samples, as shown by 2θ peak positions of 22.5°, 28.2°and 33.3°, can be attributed to the addition of molecular glycine. The intensity of these peaks was found to vary in relation to the doped amount of molecular glycine. SEM analyses showed that the size and morphology of the Gly-CuBTC crystals were similar to that of CuBTC MOF (Figure 1b) .
Thermal behaviors of CuBTC MOF, Gly-CuBTC MOFs, and pure glycine were evaluated using TGA under an inert atmosphere, as shown in Figure 3 . All MOFs demonstrated two steps of weight loss including their final decomposition in TG analysis. The first step of weight loss (50−100°C, ca. 8%) for Gly-CuBTC MOFs can be attributed to the loss of water molecules, which was much lower than that of CuBTC MOF (ca. 20%). This result indicates that Gly-CuBTC MOFs obtained by the glycine grafting are more hydrophobic than the parent CuBTC MOF.
Plateaus measured for Gly-CuBTC samples indicated that glycine molecules cannot desorb from the parent CuBTC under heating (measured melting point of glycine is ca. 205°C). However, the loaded amount of glycine (with a measured melting point of 200°C) was found to have a direct impact on the decomposition temperature of Gly-CuBTC MOFs, resulting in a decrease in the thermal stability of materials with an increase in the amount of glycine. Differential thermogravimetric analysis of TG curves revealed that decomposition temperatures are respectively 270, 258, and 220°C for 10, 20, and 28 wt % Gly- The structural vibration of materials after the glycine grafting was investigated by using FT-IR ( Figure 4 ) and Raman spectroscopies ( Figure 5 ). FT-IR analysis (Figure 4) showed that Gly-CuBTC samples preserve vibrational properties of both pure CuBTC and glycine. Characteristic bands of CuBTC MOF at 1645, 1445, and 1375 cm −1 are still evident in Gly-CuBTC samples 44 confirming the result from PXRD analysis. Such results suggest that the coordination in Cu 2 C 4 O 8 cages of the CuBTC framework is intact after the PSM modification using glycine. By comparing FT-IR spectra of glycine with that of GlyCuBTC MOFs, no band shift is noticed for the CO stretch at ca. 1110 cm −1 in the carboxylic group of glycine molecules. However, characteristic bands corresponding to the NH 2 moiety were found shifted to higher wavelengths in spectra of the GlyCuBTC samples. Such shifts can be ascribed to the interaction of glycine molecules to copper centers of the parent CuBTC MOF through the nitrogen atom in glycine.
The low-frequencies region (900−170 cm −1 ) was further investigated by using Raman spectroscopy ( Figure 5 ). It has been reported that vibrational modes directly related to Cu(II) species in CuBTC MOF appear in wavelengths <600 cm −1 .
45,46
In Figure 5 , the characteristic doublet at 502 cm −1 (strong) and at 448 cm −1 (weak) corresponding to Cu−O vibrations 45, 46 can be clearly identified in Raman spectra of all samples. With an increase of glycine loading, the frequency of the weak band at 448 cm −1 declined, suggesting the weakening of this bond. This is likely to originate from the glycine−Cu interaction affecting Cu− O vibrations in CuBTC. Another band at 505 cm −1 associated with Cu−O stretching in the parent CuBTC was also found to shift slightly to a lower wavelength in Gly-CuBTC spectra.
According to Dhumal et al., 45 the Cu−Cu stretching band appears at 228 cm −1 for the fully activated CuBTC MOF, and the hydration of OMSs in CuBTC can result in a frequency shift to a lower wavelength. The interaction between adsorbed water molecules and Cu centers in the hydrated CuBTC MOF causes the elongation of Cu−Cu bonds reducing the energy that is required for Cu−Cu bonds to stretch. CuBTC MOF is extremely hydrophilic and is able to attract the moisture immediately upon exposure to the atmosphere. In this study, the band of Cu−Cu stretching was observed at 220 cm −1 for the partially hydrated CuBTC (solid line in Figure 5 ). In Gly-CuBTC MOFs, glycine molecules are expected to interact with Cu centers in a manner similar to water molecules, i.e., glycine molecules adsorbed on Cu centers, influencing the Cu−Cu bond stretching. Therefore, the shift of Cu−Cu bonds to lower wavelengths in Raman spectra of Gly-CuBTC MOFs can be explained. 
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Nitrogen adsorption at −196°C was used to assess the effect of the PSM modification (using glycine) on the BET surface area of materials. As shown in Figure 6 , grafting the CuBTC MOF using glycine molecules resulted in the reduction of the BET surface area of Gly-CuBTC MOFs. In general, the BET surface area of Gly-CuBTC MOFs decreased in a linear fashion with an increase in the loading amount of molecular glycine. Such phenomenon can be expected since alien glycine molecules can diffuse into the porous structure of the parent CuBTC MOF and attach to OMSs reducing the available pore volume and surface area of Gly-CuBTC MOFs (surface density of a OMS ≈ 33 Å).
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CO 2 and N 2 Adsorption on Gly-CuBTC MOFs. GlyCuBTC MOFs were evaluated using pure CO 2 and N 2 adsorption experiments, and isotherms of the materials (at 25 and 50°C) are shown in Figure 7 . For both probing gases, the adsorption temperature showed an adverse effect on the adsorption capacity of Gly-CuBTC MOF, e.g., CO 2 uptake of 28 wt % Gly-CuBTC decreased by ca. 45% with an increase in temperature from 25 to 50°C at 1 bar(G), indicating the physisorption of probing molecules on Gly-CuBTC. The CO 2 adsorption capacity of Gly-CuBTC MOFs at 1 bar(G) was found to decrease with an increase in the amount of glycine, as shown in Figure 7 and Table 1 . This can be attributed to the occupation of the available pore volume in the framework of MOFs by glycine molecules leading to a decrease in the packing capacity of GlyCuBTC MOFs. CO 2 and N 2 adsorption on Gly-CuBTC MOFs is reversible, as shown in Figure S1 .
At 25°C and 1 bar(G), the measured CO 2 adsorption capacity of 28 wt % Gly-CuBTC was about 2.2 mmol/g and comparable to that of a polydimethysiloxane (PDMS)-coated CuBTC MOF 38 (red solid line in Figure 7 ). By coating CuBTC MOF using the hydrophobic PDMS, 38 all available OMSs in the parent MOF were expected to be protected by PDMS. For 28 wt % GlyCuBTC, a similar scenario was anticipated with all OMSs in CuBTC occupied by glycine molecules. Therefore, a comparable saturating CO 2 adsorption capacity was predicted for both materials. However, the developed PSM method for preparing Gly-CuBTC MOFs in this study was much simpler than the one for preparing the PDMS-coated CuBTC, in which the vapor deposition method at 235°C is needed. 38 The measured CO 2 adsorption capacity and calculated CO 2 adsorption capacity (as the number of CO 2 molecules per unit cell (UC) of MOFs) are summarized in Table 1 . By comparing the values of the calculated CO 2 adsorption capacity, one can develop the intuitive understanding of how the attachment of glycine molecules on OMSs in CuBTC can reduce the packing capacity of resulting Gly-CuBTC MOFs. For example, the number of packed CO 2 molecules in one UC at 25°C and 1 bar(G) is reduced by ca. 32% by saturating all OMSs in CuBTC.
Considering the practical application of MOFs for CO 2 capture from flue gases, where nitrogen is the largest constituent (70−75 vol %), the CO 2 :N 2 selectivity of materials was important for efficient removal of CO 2 . On the basis of the single-component adsorption data measured in this study, the Ideal Adsorbed Solution Theory (IAST) 48, 49 was employed to estimate the selectivity of developed materials in multicomponent adsorption equilibria. By comparing with the parent CuBTC, the CO 2 :N 2 selectivity (in a system with 15.6 vol % CO 2 ) was improved for the doped CuBTC MOF, i.e., 33% for 28 wt % Gly-CuBTC versus 26% for CuBTC at 25°C and 19% for 28 wt % Gly-CuBTC versus 16% for CuBTC at 50°C.
The improved CO 2 :N 2 selectivity of Gly-CuBTC MOF can be mainly attributed to the enhanced interaction of Gly-CuBTC with CO 2 molecules by the addition of polar glycine molecules 50 to the parent framework (electric quadruple moment: CO 2 = 13.4 C m 2 versus N 2 = 4.72 C m 2 ). 51 Furthermore, the reduced pore volume of Gly-CuBTC MOF also has the beneficial effect on the selectivity to CO 2 due to the intensified adsorbate− adsorbent interactions in constricted pores. 52 Improved Hydrothermal Stability of Gly-CuBTC MOFs. The hydrothermal stability of Gly-CuBTC MOFs was evaluated using dynamic water vapor adsorption experiments (experiments are reproducible with ca. 15% standard deviation on the measured adsorbed amount of water vapor). Figure 8 shows the comparison of the dynamic of water vapor adsorption on the parent CuBTC and 28 wt % Gly-CuBTC at 50°C (simulating the flue gas emitting conditions; isotherms are shown in Figure  S2 ). It was measured that the modified CuBTC (28 wt % GlyCuBTC) became hydrophobic after the PSM treatment of CuBTC using glycine, evidenced by the reduced amount of water uptake (by ca. 50%, 28 wt % Gly-CuBTC vs CuBTC).
Moreover, the hydrothermal stability of Gly-CuBTC was also found to enhance significantly in comparison with the parent CuBTC. For dynamic water vapor adsorption on CuBTC (Figure 8a ), anomalous spikes (showing the sudden loss of adsorbed water molecules) were measured at partial water vapor pressures of ca. 24.7 and 37 mbar(G) suggesting the partial decomposition of CuBTC framework during the water vapor adsorption process. At a partial water vapor pressure of 86 mbar(G), a sudden drop of the adsorption capacity of CuBTC represented the complete collapse of CuBTC framework caused by the aggregation of water molecules in the parent framework destroying the Cu-BTC coordination. 21, 25 The loss of porous structure due to the water-induced decomposition of CuBTC also resulted in a shorter time of desorption (comparing with the adsorption step), evidenced by asymmetric pressure stages in Figure 8a . In contrast, temporal data of water vapor adsorption on 28 wt % Gly-CuBTC demonstrated a stable material for one cycle of water vapor adsorption and desorption. Furthermore, a much shorter equilibrium time was required for Gly-CuBTC than CuBTC in experiments of dynamic water vapor adsorption showing the high moisture/water resistance of Gly-CuBTC MOFs developed by the PSM treatment.
Ten wt % and 20 wt % Gly-CuBTC MOFs were also evaluated using dynamic water vapor adsorption experiments at 25 and 50°C
, respectively, and relevant results are presented in Figure 9 . Ten wt % and 20 wt % Gly-CuBTC samples demonstrated good moisture stability under humid streams at 25°C, as shown in Figure 9a and c, showing no signs of the partial decomposition. Gly-CuBTC MOFs almost returned to their original masses (±2.5% margin) after dynamic water vapor adsorption experiments under different conditions, suggesting almost complete water desorption from materials. PXRD analyses of spent GlyCuBTC MOFs ( Figure S3 ) also confirmed the stability of developed materials. However, spikes in the adsorption capacity of materials were detected for both samples at 50°C (Figure 9b  and d) , suggesting the partial degradation of framework structures under humid conditions. OMSs in 10 and 20 wt % Gly-CuBTC MOFs were only partially covered by 36% and 71%, respectively, with glycine molecules. Therefore, unprotected OMSs in these materials are subject to interact with water molecules under humid conditions resulting in the displacement of BTC linkers from Cu centers 21, 25 and hence the partial degradation of materials. In contrast to CuBTC MOF (Figure 8b ), complete structural breakdown was not observed in experiments for 10 and 20 wt % Gly-CuBTC samples because protected copper centers (by adsorbed glycine molecules) remained intact under humid streams, sustaining the structural integrity of Gly-CuBTC. In summary, the partial degradation of glycine modified CuBTC frameworks at 50°C was inevitable if OMSs in the parent CuBTC were not fully saturated by the dopant. Therefore, results obtained from the dynamic water vapor adsorption on Gly-CuBTC MOFs suggest that all OMSs in CuBTC need to be protected by the molecular dopant in order to ensure the hydrothermal stability of materials in the presence of water or humidity at room or elevated temperatures.
Furthermore, it is also worth noting that for Gly-CuBTC MOFs the effect of operating temperature has little effect on the saturated water vapor adsorption capacity of materials. For CuBTC, the overall water vapor uptake was reduced by ca. 50% with an increase in temperature from 25 to 50°C, while for GlyCuBTC M OFs, only a ca. 20% drop in the overall water vapor uptake was measured.
■ CONCLUSIONS
This paper reports a simple and economical post-synthetic modification (PSM) method for the synthesis of glycine-doped CuBTC MOF, without using complex synthetic procedures and apparatus. The resulting glycine-doped CuBTC MOF, i.e., GlyCuBTC MOF, was fully characterized by using PXRD, SEM, FT-IR, Raman, and N 2 adsorption. Glycine molecules were found to be able to saturate open metal sites (OMSs) in the parent CuBTC framework leading to (i) diminished affinity to water molecules and (ii) enhanced interaction with CO 2 molecules.
The Gly-CuBTC MOF was assessed using single component (i.e., CO 2 , N 2 , and water vapor) adsorption experiments. In comparison with the parent CuBTC MOF, the developed 28 wt % Gly-CuBTC MOF showed a reduced water vapor adsorption capacity (by ca. 57% at 50°C and 90% RH) and an improved CO 2 :N 2 selectivity (by ca. 15% at 50°C, with 15.6 vol % CO 2 composition). Furthermore, compared with CuBTC, the 28 wt % Gly-CuBTC MOF also showed better stability under various humid conditions (up to 90% RH at 50°C) demonstrating its suitability for practical applications.
Our results present the development of a facile PSM method using an economical dopant (glycine), which could represent a cost-effective approach for preparing hydrothermal stable materials based on the available bulk MOFs for practical CO 2 capture from humid streams. Though only one parent MOF of the CuBTC framework was investigated in this study, the method demonstrated here can be applied more generically to other MOFs with OMSs extending application fields of these materials, e.g., gas sorption and catalysis in the presence of water or humidity.
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